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Abstract: Although many previous studies have examined patterns of antimicrobial resistance (AMR)
and multidrug resistance (MDR) from domestic animals and farm environments, comparatively little
is known about the environmental sources and natural reservoirs of AMR and MDR. In this study,
we collected stormwater runoff and soil samples from three watersheds in Texas. Escherichia coli (E. coli)
were enumerated, isolated, and analyzed for resistance patterns. E. coli from all sites, irrespective
of land use, displayed the presence of AMR/MDR. Higher levels of AMR/MDR were observed in
water compared to soil. More isolates were resistant to cephalothin than other antibiotics. For water
isolates, 94% was resistant to cephalothin, 27% to tetracycline, and 15% to ampicillin. Across all sites,
a large percentage of water isolates demonstrated MDR with 34% resistant to ≥2 antibiotics and 11%
to ≥3 antibiotics. All AMR soil isolates were resistant to cephalothin (87% of the total soil isolates),
but only 8.9% were MDR. High cephalothin resistance observed in both soil and water suggests
the presence of native, cephalothin-resistant E. coli. Higher MDR observed within water compared
to the soil populations suggests that resistance sources other than soil, such as more recent fecal
depositions as opposed to residual AMR in soil, could have contributed to higher antibiotic-resistant
E. coli in runoff.
Keywords: E. coli; antimicrobial resistance; antibiotics; watershed; runoff; soil; multidrug resistance
1. Introduction
Antibiotics are used globally in large quantities to protect human and animal health, and also
as feed additives to augment animal productivity. Widespread use of antimicrobial agents has
exacerbated the pervasive occurrence and spread of antibiotic-resistant bacteria and emergence of
multidrug resistance (MDR). This is increasingly compromising the treatment of life-threatening
diseases globally [1–4].
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Antimicrobial resistance (AMR) can spread rapidly through environmental bacteria to pathogenic
bacteria via horizontal gene transfer [5,6]. These nonpathogenic environmental bacteria therefore
can potentially serve as a ubiquitous natural reservoir of resistance. Environmental reservoirs of
AMR persist through a combination of naturally occurring resistance, discharge of human and animal
waste into the environment, and transfer of MDR carrying mobile genetic elements [5,7,8]. In recent
years, research has gained momentum on the topic of studying AMR and MDR in nonclinical and
opportunistic environmental bacteria [5–10]. Some of these more recent studies on environmental
resistance have revealed the prevalence of AMR and MDR in bacteria in soil [11–13], water bodies
and watersheds [14–24], oceans [25]; glaciers [26], and animals [27,28]. For example, D’Costa et al. [11]
found MDR in all 480 soil isolates they screened for the 21 major classes of antibiotics. Aquatic
environments also serve as reservoirs of antibiotic resistant microorganisms—either consisting of
intrinsic resistant populations or having such populations transferred from anthropogenic sources
such as runoff from contaminated agricultural and aquaculture areas (8–9, 16). Naturally occurring
antibiotic resistant bacteria present in the environment including soil, aquatic environments, and
aquatic plants and animals may serve as an ideal source for the transfer of resistance and development
of new resistant strains by mixing and horizontal gene transfer through various anthropogenic activities
and sources [3–5].
In a recent report, the U.S. Centers for Disease Control (CDC) deemed tracking and identifying
the gaps in our understanding of the environmental dissemination of AMR/MDR as one of the most
important tasks for future control of the AMR issue [2]. Compared to clinical sources and transmission
of AMR, limited attention has been given thus far to the impact of agricultural activities and land
management practices on the prevalence of AMR/MDR among environmental bacteria and the resulting
impacts [5–9]. The role of runoff from agricultural watersheds, such as the sites selected for this
particular study, is especially critical as it represents a potential route of AMR/MDR transmission from
the field to water bodies used for public recreation and/or drinking water sources. Studies such as
this one can reflect several important aspects useful for implementing appropriate BMPs, such as the
origin, role and distribution of AMR in these environments and the impact of agricultural management
practices. Such research will also provide data on how resistance observed in soil contributes to
that observed in runoff, how and to what extent AMR exists within the microbiome of lands with
practically no externally applied antibiotics, and what factors control the persistence of such resistance
in these watersheds.
While AMR/MDR exists within a diverse assortment of microorganisms, it is useful to focus on
Escherichia coli (E. coli) as an indicator of AMR/MDR prevalence. E. coli is a natural inhabitant of the
intestinal tracts of warm-blooded animals and is released into the environment via fecal deposition [29].
Therefore, E. coli is widely used as an indicator for fecal contamination in water [30]. Sources of E. coli
in watersheds can include humans [31], wildlife [32], farm animals [33], and pets [34]. There is also
a potential for some E. coli populations to survive in the environment and become naturalized in
water, soil, and sediment over time [6]. Previous studies have demonstrated E. coli to be a useful
indicator of AMR and MDR in many different natural and managed environments including soil and
water sources [15,23,24,35–38]. Therefore, the objective of this study was to examine and identify the
occurrence, distribution and patterns of AMR and MDR within E. coli isolates from soil and runoff
samples collected from three different watersheds with varying land uses—i.e., improved hay pasture,
native prairie, and cultivated cropland.
2. Materials and Methods
2.1. Site Description
The plots examined in this study are located at United States Department of Agriculture–
Agricultural Research Service (USDA ARS) Grassland, Soil and Water Research Laboratory (GSWRL)
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near Riesel, TX, USA (Figure 1). Within GSWRL, the experimental watersheds representing improved
hay pasture, native prairie and cultivated cropland were used for this study.
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[39] that has predominantly been hayed for more than 50 years. Prior to this period, the plot was 
cropped to cotton, corn, oats or sorghum using conventional tillage techniques. Records between 1955 
and 1999 do not document specific management activity. Cattle were grazed on the site from 2000 to 
2010, and poultry litter applied at a rate of 6.8 Mg/ha (3 tons/ac) in 2011 and 2012. 
The cultivated cropland field (Y6) is a 6.6 ha, terraced, conventionally cultivated cropland site 
with 3.2% slope [39,40] that has been continuously cropped since 1943. During the study, corn and 
wheat were grown. The plot received annual inorganic fertilizer and herbicide treatments as needed. 
The only manure inputs to this site are from wildlife sources.  
2.2. Sampling Duration and Methods 
Soil sampling—Soil samples were collected to a depth of approximately 5 cm with a 7.62 cm soil 
sampling probe along transects within each plot extending upslope from the inlet of the flow control 
structure to the edge of the plot. Sampling locations were randomly spaced along these transects but 
were targeted to capture the variability of conditions within each plot. Planned sampling was to occur 
during two sampling events and yield a total of 75 soil samples; 25 from each site. However, due to 
lack of culturable E. coli in samples collected during these events, two more sampling events 
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The native prairie (SW12) is a 1.2 ha remnant native prairie plot with a 3.8% slope that has been
consistently managed since 1948 [39,40]. Management practices for the sites include mowing or haying
interspersed with intermittent herbicide treatments and prescribed burns. The only manure inputs to
this site are from wildlife sources.
The improved hay pasture (SW17) is a 1.2 ha coastal bermudagrass pasture with a 1.8% slope [39]
that has predominantly been hayed for more than 50 years. Prior to this period, the plot was cropped
to cotton, corn, oats or sorghum using conventional tillage techniques. Records between 1955 and 1999
do not document specific management activity. Cattle were grazed on the site from 2000 to 2010, and
poultry litter applied at a rate of 6.8 Mg/ha (3 tons/ac) in 2011 and 2012.
The cultivated cropland field (Y6) is a 6.6 ha, terraced, conventionally cultivated cropland site
with 3.2% slope [39,40] that has been continuously cropped since 1943. During the study, corn and
wheat were grown. The plot received annual inorganic fertilizer and herbicide treatments as needed.
The only manure inputs to this site are from wildlife sources.
2.2. Sampling Duration and Methods
Soil sampling—Soil samples were collected to a depth of approximately 5 cm with a 7.62 cm soil
sampling probe along transects within each plot extending upslope from the inlet of the flow control
structure to the edge of the plot. Sampling locations were randomly spaced along these transects but
were targeted to capture the variability of conditions within each plot. Planned sampling was to occur
during two sampling events and yield a total of 75 soil samples; 25 from each site. However, due to
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lack of culturable E. coli in samples collected during these events, two more sampling events producing
75 additional soil samples were conducted. Soil samples were collected on March 2014, June 2014,
October 2014 and February 2015.
Water runoff sampling—Runoff samples for E. coli enumeration were collected October 1, 2013
through June 30, 2015 using automated ISCO Avalanche refrigerated samplers (Teledyne-ISCO, Inc.,
Lincoln, NE, USA). Runoff volume was measured using an ISCO bubble flow meter. Samplers were
programmed to collect samples with each 1.32 mm of volumetric runoff depth produced by the
respective plot as it flowed through the flow control structure. Upon each sampler activation, tubing
extending from the sampler unit to the flow control structure was rinsed with ambient water prior
to collection of a 50 mL sample. Samples collected were composited into a 16 L bottle [41] and were
retrieved from the samplers upon cessation of flow or when a 24 h sample holding time approached
and taken to the GWSRL laboratory. Bottles were well mixed prior to subsamples being poured into
532 mL Whirl-Pak® bags (Whirl-Pak®, Madison, WI, USA). Samples were then refrigerated at the
GWSRL until delivery to SAML (Soil and Aquatic Microbiology Laboratory, Texas A&M University)
on ice. A total of 26 samples were collected from the prairie site, 15 from the improved hay pasture
and 22 from the cropland site. Runoff samples collected during January, March and April 2015 were
used for E. coli isolation.
2.3. E. coli Isolation and Archiving from Environmental Samples
E. coli strains were isolated and enumerated from soil and runoff samples using the USEPA
1603 method [42]. E. coli colonies were isolated on mTEC agar plates from each water and soil sample
following the serial dilution with Phosphate Buffer Saline (PBS) and filtering these dilutions using a
0.45 µm grid filter according to USEPA method 1603. The purple colonies appearing on the mTEC agar
plates were then enumerated and 2–3 colonies randomly selected and streaked onto nutrient MUG
(4-methylumbelliferyl-β-d-glucuronide) agar plates for verification, then archived at −80 ◦C for future
study. A total of 283 E. coli isolates were prepared for AMR testing and DNA fingerprinting.
2.4. Antimicrobial Resistance Analysis
The Kirby Bauer disk diffusion [43] method was used to test for antimicrobial susceptibility in
each isolate. Each isolate was streaked onto tryptose soy agar and incubated at 35 ◦C for 18–24 h.
Following this, individual colonies were inoculated into tryptose soy broth and incubated at 37 ◦C with
continuous shaking at 150 rpm in a temperature controlled incubator for 3 h, or until they obtained
a turbidity of at least 0.5 McFarland’s standard (approximate concentration of 107–108 cfu mL−1).
The culture suspension was then spread onto Mueller Hinton agar using a sterile cotton swab.
Antibiotic disks were dispensed onto the agar plates using an automatic sterile disk dispenser
and the plates were incubated at 37 ◦C overnight. Each isolate was tested for resistance to the
following antibiotics—tetracycline (TE-30/disk potentcy−30 µg), ampicillin (AM-10/10 µg), cephalothin
(CF-30/30µg), imipenem (IPM-10/10µg), gentamicin (GM-120/120µg), sulfamethoxazole (SXT/23.75µg),
and ciprofloxacin (CIP-5/5 µg). These antibiotics were chosen to represent the majority of classes
of antimicrobials, as well as known effectivity against wildtype E. coli. Three reference strains,
Pseudomonas aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 25923), and E. coli (ATCC 25922),
were used as controls. Images of the plates were obtained by using the UVP GelDoc-It imaging
system and the zone diameter measurements were taken using the software ImageJ [44]. Based on the
inhibition zone diameter, isolates were grouped as resistant, intermediate or susceptible as per the
manufacturer parameters (BD BBL™ Sensi-Disc™, Becton Dickinson and Company, Franklin Lakes,
NJ, USA).
2.5. ERIC-PCR/Riboprinting Composite Fingerprinting and BioNumerics Analysis
Cell suspensions from the archived E. coli isolates from both soil and water samples were
fingerprinted using ERIC-PCR (Enterobacterial Repetitive Intergenic Consensus-Polymerase Chain
Water 2020, 12, 1251 5 of 13
Reaction)—Riboprinting method [45,46]. Isolates were PCR amplified using the ERIC primers
(ERIC1R-5′ATGTAAGCTCCTGGGGATTCAC and ERIC2-5′AAGTAAGTGACTGGGGTGAGCG).
Each reaction was of 50 µL volume consisting of 1X PCR buffer with Mg, 200 µmol L−1 of dNTP
(Amersham Biosciences, Piscataway, NJ, USA), 600 nmol L−1 of each ERIC primer (Invitrogen,
Carlsbad, CA, USA), 1.5 µg µL−1 bovine serum albumin (BSA), and 2.5 units of AmpliTaq Gold
(Applied Biosystems, Foster City, CA, USA). Each reaction consisted of 5 µL of cell suspension to be
analyzed in molecular grade water. The PCR cycling conditions used in Eppendorf Mastercycler AG
was—initial denaturation at 95 ◦C for 10 min, followed by 35 cycles of denaturation at 94 ◦C for 30 s,
annealing at 52 ◦C for 1 min, extension at 72 ◦C for 5 min, and then a final extension step at 72 ◦C
for 10 min. The PCR products were stored at −20 ◦C until they were analyzed on 2% agarose gel
electrophoresis prepared in Tris-borate-EDTA buffer with ethidium bromide (0.5 µg/mL). The 100 bp
increment DNA ladder used was DNA Marker XIV; Roche Molecular, Indianapolis, IN, USA. A quality
control strain, E. coli QC101 (ATCC 51739), and a no-template control was run for each PCR batch.
For the Riboprinting method, DNA fingerprints of the same isolates were generated using the
DuPont Riboprinter System which automates the restriction fragment length polymorphism method
by targeting the rRNA coding region of the bacterial genome ultimately generating an image of the
banding pattern. The ERIC-Riboprint composite fingerprints were compared on BioNumerics (Applied
Maths) using a similarity matrix based on the Pearson correlation with UPGMA clustering method, to
generate a multi-dimensional scaling analysis comparison (MDS) between the soil and water isolates.
2.6. Statistical Analysis
A Chi square test for independence was applied to test for significant differences between E. coli
antibiotic susceptibility and resistance proportions based on sites, soil vs. water, between antibiotics
tested, and time of sample collection. Time of sample collection was binned to Early and Late Spring
2015 (water isolates), and Spring/Summer 2014 and Early Fall 2014 (soil isolates). Isolates were not
further binned to avoid asymptotic Chi square cells. Any tested relationship was considered to be
significant at p < 0.05, or when the Chi square sum was greater than 3.84. An exact McNemar’s Chi
square test for 2 × 2 tables was included to test for association between isolates based on binned
time of sample collection. Post hoc multicomparison tests were carried out, where appropriate, by
conducting pairwise Chi square tests with Bonferonni adjusted p-values for site and time of sample
collection, respectively.
3. Results
3.1. E. coli Population Within the Three Sites—Water Runoff vs. Soil
The prairie exhibited the lowest E. coli loads in runoff (1.5 × 109 cfu ha−1) relative to the other
sites. The hay pasture and cropland displayed little difference in their respective E. coli loads in the
runoff (5.5 × 109 and 5.7 × 109 cfu ha−1 in hay pasture and cropland respectively) (Figure 2). Soil E. coli
geometric means were generally low with 11 to 16 cfu/g soil at the three sites. The large difference
between the E. coli levels in soil and the water runoff samples (Figure 2), demonstrates the limited
contribution of soil to E. coli in the runoff samples. This was further supported by the AMR analysis
data (Results Section 3.2).
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Figure 2. Box plots displaying E. coli load within the three sites from water runoff. The line within each
box indicates the median value. The whiskers above and below the box indicate the maximum and
minimum values of E. coli load within the three sites, and the dots indicate the outliers in the dataset.
3.2. Percentage of Antimicrobial Resistance within the Three Study Sites—Water Runoff vs. Soil
Overall, E. coli AMR was higher in the water isolates (Figure 3I) than in the soil isolates (Figure 3II).
Cephalothin resistance was highest in all samples, both water and soil. The prairie, hay pasture, and
cropland sites exhibited 93%, 98.1% and 93.2% cephalothin resistance in the water isolates (Figure 3I),
and 78%, 97.8%, and 86.9% in the soil isolates (Figure 3II), respectively. In runoff water, 28.3% of prairie,
30.8% of hay pasture and 22% of cropland isolates were resista t to tetracycline; however, no resistance
to tetracycline was observed in the soil isolates. In water runoff samples, ampicillin resistance was
resent in 30.2% of the prairie isolates, 3.8% of the hay pasture and 11.9% f the cropland isolates. In
contrast, 6%, 15.2% and 0% of soil isolates were resistant to ampicillin in the prairie, hay pasture and
cropla d, respectively. Resistance to sulfamethoxazole was comparatively lower within the water
runoff E. coli—3.8%, 1.9% and 10.2% in prairie, hay pasture and cropland respectively, while the prairie
site was the only site exhibiting resistance to sulfamethoxazole (2%) among the soil isolates. 3.8%
of the isolates were resista t to cefoperazone in prairie runoff, 1.7% in cropland runoff, and 0% in
hay pasture runoff. None of the water or soil isolates were resistant to gentamicin, ciprofloxacin or
imipenem. When comparing the AMR between the three sites, a Chi square analysis of the runoff
samples revealed a significant pairwise difference in ampicillin resistance between the hay pasture and
prairie (Figure S1). Runoff isolates fro prairie sites demonstrated more ampicillin resistance than
pasture sites after multicomparison correction (p < 0.005). Soil isolate resistance to cephalothin was
also site dependent, with isolates collected at pasture sites more resistant than ones collected at prairie
sites after multicomparison correction (p < 0.05). When comparing resistance between soil and runoff
samples, significant differences were observed for tetracycline at all three sites (prairie p < 0.0005; hay
pasture p < 0.0005; cropland p < 0.02), as well as cephalothin (p < 0.05) and ampicillin (p < 0.001) in
prairie isolates; (Figure S2). Proportions of soil E. coli isolates resistant to ampicillin was also dependent
on time of sample collection as samples collected in Early Fall of 2014 were significantly (p < 0.05)
more resistant compared with samples collected in the Spring and Summer of 2014. Similarly, runoff
isolates were also significantly more resistant to tetracycline and a picillin when collected in the latter
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half of Spring 2015 compared with early Spring 2015 (p < 0.005). Results of McNemar’s test indicated
that resistance associated with isolates was affected by time of collection (p < 0.01).
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Figure 3. Percentage of antimicrobial resistance (AMR) in (I) water and (II) Soil within E. coli isolates
in the three sites (A) Prairie, (B) Pasture and (C) Cropland. Tet—Tetracycline, Ceph—Cephalothin,
Sul—Sulfamethoxazole, Cef—Cefoperazone, Amp—Ampicillin.
3.3. Percentage of MDR within the Three Study Sites—Water Runoff vs. Soil
Consistent with the findings of the overall differences in AMR between water and soil isolates
(Figure 3), the water isolates exhibited higher MDR (resistance to ≥2 antibiotics) (Figure 4A) when
compared to the soil population (Figure 4B). Within the water population, the highest overall MDR
was observed in prairie runoff (45.3%), followed by hay pasture (32.7%) and cropland runoff (25.4%)
(Figure 4A), while in the soil population, MDR was much lower—6% in the prairie, and 15.2% in the
hay pasture and none observed in the cultivated cropland site (Figure 4B). Further, within the prairie
runoff, 15% were resistant to ≥3 antibiotics, and 1.9% were resistant to 5 antibiotics. Within the hay
pasture runoff, 3.8% exhibited resistance to ≥3 antibiotics; and within the cropland site, 15.2% were
resistant to ≥3 antibiotics. Only 2% of the soil E. coli population in the prairie site showed resistance to
≥3 antibiotics. No MDR was observed in the soil E. coli population from the cropland site. Statistical
analysis using the Chi square test for independence revealed that the water isolates demonstrated a
significantly higher MDR compared to the soil isolates within all three sites (p < 0.0005 for resistance to
>2, >3 and >4 antibiotics) (Figure S3). Significantly higher MDR was observed for cropland runoff
isolates followed by hay pasture and prairie isolates (for ≥3 antibiotics category). Within the soil
samples, while the hay pasture demonstrated greater resistance compared to the cropland (p < 0.05 for
the ≥2 antibiotics category) and prairie (p < 0.05 for the ≥1 antibiotic category) (Figure S4).
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Prairie, Pasture and Cropland isolated from (A) water runoff and (B) soil.
3.4. Composite ERIC-RP Fingerprint Comparison between Runoff and Soil E. coli Isolates
In support of the AMR/MDR and E. coli enumeration results, the MDS analysis (Figure 5) of the
E. coli DNA fingerprints revealed that the genotypes of the isolates varied considerably at each site.
There was a substantial overlap of the genotypes found in water and soil, as shown by many of the
soil isolates grouping within the water isolates. However, several of the water isolates were unique
genotypes that were not seen in the soil.
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runoff (purple) E. coli isolates by multidimensional scaling—(A) Prairie, (B) Pasture, and (C) Cropland.
3.5. AMR and MDR within Study Sites per Hectare
Among all of the screened antibiotics, the total load of cephalothin-resistant E. coli was the highest
in runoff at all sites (Figure S5). Interestingly, while no tetracycline resistant E. coli was observed
within any of the soil samples (Figure 3II), runoff samples showed a high tetracycline resistance
(Figure S5) (2 × 109, 9 × 109 an 4 × 109 fu a−1 r infall event−1 in t e p airie, hay pasture and
cropland sites, respectively). MDR p r hectare in he runoff samples w s highest overall in the hay
pastu e (8.4 × 109 cfu ha−1 runoff event−1 for resistance to ≥2 antibiotics, and 1.1 × 109 cfu ha−1 runoff
event−1 for resistance to ≥3 antibiotics) (Figure S6). Only the prairie site displayed E. coli resistance to
5 antibi tics (1.4 × 108 cfu ha−1 runoff event−1).
4. Discussion
A large difference was observed in the AMR and MDR patterns of E. coli between the soil and the
runoff samples. This is also supported by the observation that soil E. coli levels were far less than in
the runoff E. coli, suggesting that a majority of the antibiotic resistant E. coli observed in the runoff
samples did not originate from the soil. This is also supported by the variations in E. coli genetic
fingerprint records between soil and water runoff. While a substantial difference was observed in
AMR between soil and water runoff, not much variance was observed between sites/land uses with the
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exception of ampicillin in runoff which was 30% in the prairie site compared to 2% in the hay pasture
and 12% in cropland. While MDR was higher in runoff isolates than soil isolates, MDR varied largely
between the sites. All of this together provides strong evidence that the E. coli populations present
in the soil contributed little to the E. coli within the runoff population. Furthermore, the observation
that hay pasture and cultivated land uses had similar E. coli AMR levels is interesting because both
the native prairie and cultivated cropland did not receive any manure with antibiotics, whereas the
improved pasture received manure deposition from cattle that have received antibiotics together with
poultry litter, which may also contain antibiotics. There was variability in the proportion of E. coli
isolates resistant to some individual antibiotics over time which could be a confounding issue since
our water and soil isolates were collected at different time points; however, overall antibiotic resistance
and MDR were not impacted by sampling time and were significantly higher in the water isolates.
It appears likely that background animal sources, such as recent fecal deposits from wildlife and
birds that may have migrated into these sites for a short period of time, may have been predominant
sources. This hypothesis is consistently supported by—(A) the large differences in AMR/MDR of E. coli
populations observed between the water runoff and soil population, (B) the presence of substantially
lower numbers of E. coli in the soil in comparison to the water runoff samples, and (C) the variations
between soil vs. runoff observed in the ERIC-Riboprint E. coli fingerprints.
E. coli isolates from all sources in this study displayed a very high resistance to the antibiotic
cephalothin, followed by tetracycline and ampicillin. Cephalothin is a first-generation cephalosporin,
and a general trend of increasing resistance to this antibiotic in Enterobactericae has been recorded [20,47]
(Brooks, unpublished data). The uniform pattern of high cephalothin resistance in the soil and water
isolates may suggest the presence of a native population of cephalothin-resistant bacteria within our
study sites. The fact that two of the watersheds have little or no inputs of livestock antibiotics also
suggests that a large part of the resistance observed originated from a naturalized E. coli population
present in these sites. These results are consistent with findings from other studies [15,48–50]. Sayah
et al. (2005) [15] found very high cephalosporin (cephalothin) resistance (as high as 80.6%) in E. coli
isolates—in surface water samples in the Red Cedar watershed in central Michigan. Similarly, Janezic
et al. (2013) [49] and an unpublished study in the Carter’s Creek watershed in central Texas [50]
reported high cephalothin resistance (80% and 84%, respectively) in surface water samples.
Tetracycline resistance in our water isolates (22.2% averaged over the three sites) was also
comparable to previous studies. Sayah et al. 2005 [15] observed a 27.3% tetracycline resistance,
whereas another study in the Carter’s Creek watershed in Texas (Sullivan et al., 2013) [19] also found
a substantial occurrence of tetracycline resistant genes in both sediment and surface water samples.
Holvoet et al. (2013) [51] found only 1.8% of the 171 soil E. coli isolates were resistant to tetracycline,
consistent with the observations in this study, where no isolate from the soil samples was found to be
resistant to tetracycline.
Holvoet et al. (2013) [51] also observed that 7% of soil isolates were resistant to ampicillin,
comparable to the results from this study. In contrast, the water E. coli demonstrated a much higher
resistance to ampicillin, particularly in the prairie site. Ibekwe et al. (2011) [35] reported ~5% ampicillin
resistance in most of their surface water sites, Castillo et al. (2013) [37] reported a higher rate of
ampicillin resistance in the San Pedro river watershed (39.3%), whereas Laird (2016) [50] found
ampicillin resistance to be between 5–28% in the Carter’s Creek watershed.
Sulfamethoxazole resistance detected in this study was within the range of lower values reported
in earlier studies–Sayah et al. (2005) [15] observed an overall 2.4% resistance, whereas Ibekwe et al.
(2011) [35] detected a higher resistance (38% in sediment and 39% in surface water), and Servais et al.
(2009) [23] reported an overall 16% resistance to sulfamethoxazole in a Seine river watershed.
Resistance to imipenem, a group 2 carbapenem, is usually considered the last line of defense
against resilient Gram-negative pathogens [52], and is therefore used extremely cautiously in treatment.
Consequently, within the three sites investigated, where there has been little human or animal
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intervention in the recent years, except for the intermittent presence of wildlife, resistance to this
antibiotic was not observed, as expected.
Occurrence of resistance to multiple antibiotics in E. coli isolated from different sources such as soil,
sediment, water, animals and wildlife, have been reported in several previous studies [15,24,36–38,53].
Earlier studies have reported the presence of AMR and MDR within ecosystems least affected by
agricultural, clinical or industrial practices to exhibit substantial E. coli resistance to antibiotics, and the
phenomenon has been attributed to the presence of wildlife, birds and domestic animals in these sites,
functioning as reservoirs of AMR with the ability to propagate over longer distances [2–4]. MDR in
recent years has been defined by ‘resistance to three or more antimicrobial classes’ [54]. In addition
to reporting our data in these standard terms, we have also included the category of resistance to
≥ 2 antibiotics in our results with an objective to providing a better resolution of AR observed, in
accordance with several other similar studies [15,36,37,53]. The significant differences (p < 0.0005) in
MDR observed between the soil and runoff isolates provide additional evidence for the fact that E. coli
present in the soil had very little contribution to the E. coli load found in the water runoff samples.
The range of resistance to three or more antibiotics observed in the water isolates in the three sites
(3.9–13.6%) fell within the range or higher than some of the previously described studies (~0–6% in
Sayah et al., 2005 [15], ~0–10% in Blaak et al., 2015 [36], ~0–5% in Maal Bared et al., 2013 [53], and 13%
in Castillo et al., 2013 [37]. The resistance to two or more antibiotics we observed in runoff (15–24%)
was comparable to that of prior studies—<10% in Sayah et al., 2006 [15], <20% in Maal Bared et al.,
2013 [53], and 37.3% in Castillo et al., 2013 [37].
5. Conclusions
Most previous AMR studies have examined sites either engaged in animal agricultural or in close
proximity to industrial activities, and consequently, with high potential for prevalence of E. coli with
resistance to antibiotics and MDR. This study utilized field-scale research to provide much needed
real-world data on bacteria in the environment. While the improved pasture examined in this study
has received manure deposition from cattle that have received antibiotics and has received poultry
litter, which may contain antibiotics, the native prairie and cultivated cropland sites in this study are
not grazed and do not receive animal manure application. Therefore, it was surprising to find that
the percentages of AMR and MDR were so high and comparable in these sites, suggesting that even
such environments with limited agricultural, human, or industrial influences may also be reservoirs
of persistent AMR microbial populations in the environment. It is also important to note here that
these results represent AMR detected only within the E. coli population from the three study sites,
serving as an indicator of potential presence of other microorganisms displaying similar resistance
patterns. Further studies directed towards whole community AMR profiling may shed light on the
overall resistance present within the microbial community of such sites.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/5/1251/s1,
Figure S1: Chi-square test values for rates of isolate resistance between runoff and soil in sampling sites by
antibiotic. A significant difference (p < 0.05) between sites existed for test values > 3.84 (critical value for 1 degree
of freedom). Orange shaded cells are tests that reported a significant difference in isolate resistance rates for that
antibiotic. Blue shaded values were significant after the Chi-square but not after Bonferonni correction. Cells with
no value (-) indicate that no isolate resistance was detected at one of the sites. Figure S2: Chi-square test values
for rates of isolate resistance runoff vs. soil in all sampling sites for each antibiotic. A significant difference (p
< 0.05) between sites existed for test values > 3.84 (critical value for 1 degree of freedom). Orange shaded cells
are tests that reported a significant difference in isolate resistance rates for that antibiotic. Cells with no value (-)
indicate that no isolate resistance was detected at one of the sites. Figure S3: Chi-square test values for rates of
isolate MDR runoff vs. soil in all sampling sites. A significant difference (p < 0.05) between sites existed for test
values > 3.84 (critical value for 1 degree of freedom). Orange shaded cells are tests that reported a significant
difference in isolate resistance rates for that antibiotic. Cells with no value (-) indicate that no isolate resistance
was detected at one of the sites. Figure S4: Chi-square test values for rates of isolate MDR between all sampling
sites within runoff and soil isolates. A significant difference (p < 0.05) between sites existed for test values > 3.84
(critical value for 1 degree of freedom). Orange shaded cells are tests that reported a significant difference in
isolate resistance rates for that antibiotic. Cells with no value (-) indicate that no isolate resistance was detected at
one of the sites. Figure S5: Total antibiotic resistant E. coli (cfu) observed within each of the three sites, (A) Prairie,
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(B) Pasture and (C) Cropland in water runoff per rainfall event per hectare. Tet–Tetracycline, Ceph–Cephalothin,
Sul–Sulfamethoxazole, Cef–Cefoperazone, Amp–Ampicillin. Figure S6: Total multidrug resistant (MDR) E. coli
(cfu) observed, (A) per hectare per rainfall event (runoff) and (B) per hectare of soil within each of the three sites
Prairie, Pasture and Cropland.
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